Yamaguchi T, Suzuki T, Arai H, Tanabe S, Atomi Y. Continuous mild heat stress induces differentiation of mammalian myoblasts, shifting fiber type from fast to slow. Am J Physiol Cell Physiol 298: C140 -C148, 2010. First published July 15, 2009; doi:10.1152/ajpcell.00050.2009.-Local hyperthermia has been widely used as physical therapy for a number of diseases such as inflammatory osteoarticular disorders, tendinitis, and muscle injury. Local hyperthermia is clinically applied to improve blood and lymphatic flow to decrease swelling of tissues (e.g., skeletal muscle). As for muscle repair following injury, the mechanisms underlying the beneficial effects of hyperthermia-induced muscle repair are unknown. In this study, we investigated the direct effects of continuous heat stress on the differentiation of cultured mammalian myoblasts. Compared with control cultures grown at 37°C, incubation at 39°C (continuous mild heat stress; CMHS) enhanced myotube diameter, whereas myotubes were poorly formed at 41°C by primary human skeletal muscle culture cells, human skeletal muscle myoblasts (HSMMs), and C2C12 mouse myoblasts. In HSMMs and C2C12 cells exposed to CMHS, mRNA and protein levels of myosin heavy chain (MyHC) type I were increased compared with the control cultures. The mRNA level of MyHC IIx was unaltered in HSMMs and decreased in C2C12 cells, compared with cells that were not exposed to heat stress. These results indicated a fast-to-slow fiber-type shift in myoblasts. We also examined upstream signals that might be responsible for the fast-to-slow shift of fiber types. CMHS enhanced the mRNA and protein levels of peroxisome proliferator-activated receptor-␥ coactivator (PGC)-1␣ in HSMMS and C2C12 cells but not the activities of MAPKs (ERK1/2 and p38 MAPK) in HSMMs and C2C12 cells. These data suggest that CMHS induces a fast-to-slow fiber-type shift of mammalian myoblasts through PGC-1␣.
TEMPERATURE STRONGLY INFLUENCES growth processes. The effects of heat stress on cellular activities depend on the strength and duration of the applied stress. Hyperthermia has been widely used as a physical therapy for a number of diseases such as inflammatory osteoarticular disorders, tendinitis, and muscle injury, as well as malignant tumor (19, 30, 43, 49) . Muscle injuries represent a major part of sports injuries. Local hyperthermia is reported to be a safe and reliable modality for the treatment of muscle injuries in humans (19, 43) . Furthermore, local hyperthermia facilitates the healing process by producing blood vessel dilation, thereby enhancing local blood flow and decreasing edema (19) . In contrast, little is known about the mechanisms underlying hyperthermia-induced repair of muscle cells following injury.
Several lines of evidence indicate that fever-range elevation of temperature or mild heat stress may be beneficial to living cells by positively regulating cell proliferation and differentiation (11, 33, 42) . Fever seems to provoke an effective immune response through the facilitation of T cell proliferation and activation (11, 33) . Furthermore, incubation at 39°C induces proliferation and differentiation of osteoprogenitor cells (42) . However, the effects of febrile-range heat stress on myotube formation have not yet been determined.
Skeletal muscle develops from the initial fusion of singly nucleated myoblasts to each other to form myotubes. Myogenesis is regulated by the sequential expression of myogenic regulatory factors (MRFs), a group of basic helix-loop-helix transcription factors that includes MyoD, Myf5, myogenin, and MRF4 (44) . MyoD and Myf5 are the primary MRFs required for the formation, proliferation, and survival of myoblasts, whereas myogenin and MRF4 act late during myogenesis and activate the expression of important muscle-specific genes, such as myosin heavy chain (MyHC) and creatine kinase (1, 25) . Hugh et al. (15) reported that MyoD is prevalent in fast-twitch muscles and myogenin in slow-twitch muscles.
Muscle fibers are dynamic structures capable of altering their phenotype. Under certain conditions, changes can be induced in MyHC isoform expression, shifting either fast to slow or slow to fast. Increased neuromuscular activity, mechanical loading, and hypothyroidism are conditions that induce a fast-to-slow shift, whereas reduced neuromuscular activity, mechanical unloading, and hyperthyroidism cause a shift to the slow-to-fast direction (35) . Several signaling pathways regulate the skeletal muscle fiber-type shift. A fast-to-slow fiber-type shift includes pathways that involve the peroxisome proliferator-activated receptor-␣ coactivator (PGC)-1␣ (21) , Ras/ERK-1/2 (31), calcineurin (32) , and CaMK IV (48) . In contrast, p38 MAPK controls the activity of the MyHC IIx promoter in C2C12 mouse myoblasts and primary rabbit skeletal myotubes (27) .
In the present investigation, we examined the direct effect of continuous heat stress on the differentiation of human skeletal muscle myoblasts (HSMMs) and C2C12 cells under cell culture conditions. We found that incubation at 39°C increased myotube diameter, whereas incubation at 41°C resulted in poorly formed myotubes in both HSMMs and C2C12 cells. To identify whether heat stress affected the fiber-type shift of mammalian myoblasts, we investigated changes in the protein and gene expression levels of MyHC isoforms and PGC-1␣, as well as changes in the activities of MAPKs (ERK1/2 and p38 MAPK). We report that a mild increase in temperature induced expression of PGC-1␣ and oxidative MyHC isoforms.
MATERIALS AND METHODS

Materials
C2C12 cells were a generous gift from T. Endo (Chiba University, Chiba, Japan). For primary culture of human skeletal muscle cells, muscle samples were obtained surgically from the middle portion of the vastus lateralis muscle of a 72-yr-old female patient undergoing orthopedic surgery during spinal anesthesia. The patient had no previous record of muscular disease, arthritis, autoimmune disease, heart disease, cancer, or metabolic disorders. The muscle samples were obtained at the onset of the surgical procedures (hemi-hip arthroplasty for femoral neck fracture). The sampling site was not within the primary surgical area. The study was approved by the ethical committee of the University of Tokyo and conformed to the standards set by the Declaration of Helsinki. After the subject had been fully informed of the goal of the experiments and of the risks involved in the procedure, written informed consent was obtained before admission in the study. We also used commercially available HSMMs of normal human quadriceps muscle obtained from three males, 13, 16, and 22 yr of age (CC-2580; Lonza Walkersville, Walkersville, MD).
DMEM was purchased from Nissui (Tokyo, Japan). FBS was purchased from Sigma-Aldrich (St. Louis, MO). L-Glutamine, trypsin-EDTA, fungizone, horse serum (HS), and penicillin-streptomycinneomycin (PSN) antibiotic mixture were purchased from GIBCO (Grand Island, NY). Ultroser G (UG) was purchased from Biosepra (Cergy, France). Collagen type I-coated 60-mm dishes and cover glasses (25-mm type) were purchased from Iwaki (Tokyo, Japan). All other chemicals and reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan). DMEM was supplemented with 2 mM L-glutamine, 10 mM HEPES buffer, and 0.25 g/ml fungizone.
Antibody against heat shock protein (HSP) 70 was purchased from Stressgen Biotechnologies (San Diego, CA). Antibodies against MyoD (M-318), myogenin (F5D), PGC-1␣, p38 MAPK, and phospho-ERK1/2 recognizing p-Tyr-204 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against MyHC (type I, clone NOQ7.5.4D; type II, clone MY-32), and ␤-actin (clone AC-15) were purchased from Sigma-Aldrich. Antibody against MyHC type IIa (clone A4.74) was purchased from American Type Culture Collection (Manassas, VA). Antibodies against ERK1/2 and phospho-p38 MAPK recognizing p-Thr-180/Tyr-192 were purchased from Cell Signaling Technology (Beverly, MA). Rhodamine-conjugated Goatanti-mouse IgG was purchased from Chemicon International (Temecula, CA).
Primary Culture Of Human Skeletal Muscle Cells
Subjects and muscle samples. Primary culture of human skeletal muscle cells was established as described by Gaster (10) . In brief, muscle tissue was minced, washed, and enzymatically dissociated for 45 min with 0.05% trypsin-EDTA. After 10% FBS was added to inhibit trypsin, the dissociated cells were centrifuged at 1,000 rpm for 5 min. Myoblasts were isolated from contaminating fibroblasts as follows: the suspended mixed cells were plated on a non-collagencoated dish for 20 min, to which fibroblasts rapidly attach, leaving myoblasts suspended in the medium. The attached fibroblasts were discarded, and suspended myoblasts were plated in a new dish. The initial growth medium was DMEM supplemented with 10% FBS incubated at 37°C, 5% CO2-95% air. After 24 h, cell debris and nonadherent cells were removed using DMEM growth medium supplemented with 2% FBS, 2% UG, and 0.1% PSN antibiotic mixture. When a 70 -80% growth confluency was reached, the cells were switched to differentiation medium containing 1% FBS, 1% UG, and 0.1% PSN antibiotic mixture in DMEM.
Culture of HSMMs. HSMMs from three donors were cultured separately on collagen type I-coated dishes using skeletal muscle basal medium-2 (SkBM-2) supplemented with the SkBM-2 SingleQuots kit according to the manufacturer's protocol (Lonza Walkersville). When the cells reached 70 -80% confluency, the medium was changed to DMEM containing 2% HS.
Culture of C2C12 cells. C2C12 cells were cultured on collagen type I-coated dishes using DMEM supplemented with 10% heat-inactivated FBS. When the cells reached 70 -80% confluency, the medium was changed to differentiation medium containing 2% HS in DMEM.
Heat Stress Exposure
Cells were seeded in the growth medium and incubated at 37°C until they reached 70 -80% confluency. The medium was then changed to the differentiation medium to induce myotube formation. At the same time, the culture temperature was set at 37, 39, and 41°C for 1-72 h (see Fig.  1 ). The cell culture was incubated in water-jacketed incubators with humidified air mixed with 5% CO 2. The culture temperature was measured with a thermometer, confirming Ϯ0.1°C precision.
Western Blot Analysis
We investigated the expression level of each protein in HSMMs or in C2C12 cells after heat stress. Cells were washed twice with PBS and lysed with 2ϫ Laemmli sample buffer. The protein concentrations were quantified using the DC protein assay (Bio-Rad Laboratories, Hercules, CA) with BSA as standards.
Aliquots containing 10 g of total protein were separated using 8 -12% SDS polyacrylamide electrophoresis and electrophoretically transferred to a nitrocellulose membrane (Amersham International, Am- 
MyHC, myosin heavy chain; PGC-1␣, peroxisome proliferator-activated receptor-␥ coactivator-1␣.
ersham, UK). The membrane was then blocked in PBS containing 3% skim milk for 1 h and incubated with an appropriately diluted primary antibody and then for 1 h with a horseradish peroxidase-labeled secondary antibody. The immunoreactive bands were detected using an enhanced chemiluminescence kit (Amersham International). The chemiluminescent signal on the membrane was scanned using ChemiDoc XRS, Quantity One quantitation software (Bio-Rad). The band intensity was quantified using NIH Image. The housekeeping protein ␤-actin was used as an internal loading control for Western blot analysis.
Reverse Transcription-Polymerase Chain Reaction
Total mRNA from HSMM cells was isolated using RNeasy (Qiagen, Valencia, CA). After DNase treatment, cDNAs were obtained by reverse transcription of 2 g of total RNA (Ready-to-Go T-primed first-strand kit; Amersham Biosciences, Piscataway, NJ). The primer sequences are listed in Table 1 (3, 6, 9, 18, 23, 50) . The level of mRNA expression was determined by quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) in a fluorescent temperature cycler (ABI Prism 7000; Applied Biosystems, Darmstadt, Germany). The housekeeping gene ␤-actin was used as a control template for normalizing relative change of each mRNA in RT-PCR. Samples were incubated in the ABI Prism 7000 for an initial denaturation at 95°C for 10 min. Next, 40 PCR cycles were performed under the following conditions: 95°C for 15 s and 60°C for 1 min. SYBR green fluorescence (Power SYBR green PCR master mix; Applied Biosystems) emissions were determined after each cycle, and the synthesis of each gene mRNA was quantified using the ABI Prism 7000 SDS software (Applied Biosystems). The PCR was performed in triplicate.
Immunofluorescence
For immunofluorescent staining, cells incubated in petri dishes containing collagen type I-coated cover glasses at 37, 39, and 41°C for 24 -72 h were washed with warm PBS at 37°C and fixed by incubation at room temperature in prewarmed (at 37°C) FME (4% formaldehyde, 2 mM MgCl 2, and 5 mM EGTA in PBS) for 10 min. Cells were washed three times with PBS and permeabilized with FME containing 0.3% Triton X-100 (FMET) for 10 min at room temperature. FMETfixed cells were washed three times with PBS and kept in PBS containing 1% BSA and 0.02% sodium azide. Cells were immuno- Fig. 1 . Heat stress protocols. Cells were seeded in growth medium and incubated at 37°C. When they reached 70 -80% confluency, the medium was changed to the differentiation-induction medium. At the same time, the culture temperature was set to 37, 39, or 41°C for 24 -72 h. Fig. 2 . Morphological changes of human and C2C12 myotubes after exposure to heat stress. A: representative images of myotubes in primary human skeletal muscle culture after 72-h exposure to heat stress, human skeletal muscle myoblasts (HSMMs) after 48-h exposure to heat stress, and C2C12 myotubes after 72-h exposure to heat stress. Arrows indicate edges of myotubes. Bars, 80 m. B: changes in myotube diameter formed by C2C12 cells after exposure to heat stress. Each column shows the mean Ϯ SD of 210 myotubes from 3 independent cultures. C: changes of fusion index of C2C12 cells after exposure to heat stress. Each column shows the mean Ϯ SD of 3 independent cultures. ; *P Ͻ 0.05; **P Ͻ 0.01 compared with control (37°C).
histochemically stained with an appropriately diluted primary antibody and then for 1 h with a fluorescence-conjugated secondary antibody. The slides were then rinsed with PBS and mounting using 4,6-diamidino-2-phenylindole (DAPI). All photographs were viewed in a Nikon Eclipse TE 300 inverted microscope (Tokyo, Japan) and recorded with a digital camera (model 4742-95; Hamamatsu Photonics, Hamamatsu, Japan). Photographs were edited using Photoshop software (Adobe Photoshop version 7.0).
Measurement of Myotube Diameter and Fusion Index of C2C12 Cells
For each temperature condition, 7 different photomicrograph fields were randomly chosen from 3 independent cultures, and the width of the 10 largest myotubes in each field was measured. Mean values constituted a measure of 210 myotubes for each condition. The fusion index was defined as the ratio of the number of DAPI-stained nuclei in myotubes with three or more nuclei to the total number of DAPI-stained nuclei in each field. This percentage was determined by counting 1,000 nuclei per dish on three independent cultures for each condition.
Statistical Analysis
Data are means Ϯ SD. Statistical significance (P Ͻ 0.05) between control cells incubated at 37°C and heat-stressed cells incubated at 39 or 41°C was determined by a one-way ANOVA followed by a Dunnett post hoc test. 
RESULTS
Heat Stress Affects Myotube Formation
To investigate the direct effects of heat stress on myotube formation of cultured mammalian myoblasts, we incubated the cells at various temperatures in vitro, as shown in Fig. 1 . Primary human skeletal muscle culture cells were exposed to various temperatures for 72 h. Myotubes incubated at 39°C showed an increased diameter compared with the control cells incubated at 37°C. The myotubes incubated at 41°C were poorly formed (Fig. 2A) . To minimize the effects of contaminating fibroblasts in primary human skeletal muscle culture cells, we investigated whether a similar phenomenon (myotube enlargement) was observed in HSMMs. The results were consistent with that of the primary culture, with increased diameter when incubated at 39°C (Fig. 2A) .
To test whether the phenomenon described above was also relevant to muscle cells of mice, we used C2C12 cells, which are of mice origin. As shown in Fig. 2, A and B, the diameter of the myotubes increased significantly after exposure to 39°C compared with the control cultures at 37°C; interestingly, there was no change in the diameter of the myotubes at 41°C.
Myotubes are formed by the fusion of singly nucleated myoblasts by differentiation-inducing stimuli. Hence, the enlargement of myotubes incubated at 39°C could be due to differences in the fusion process of myoblasts. To test this possibility, we measured the fusion index of C2C12 cells incubated at different temperatures. Compared with the control culture at 37°C, the fusion index was significantly increased at 39°C after 24 and 48 h of incubation, whereas the fusion index was significantly decreased at 41°C (Fig. 2C) .
To identify temperature-dependent expression of HSPs after continuous heat stress, we analyzed the protein expression levels of a representative HSP (HSP70) by Western blot analysis of HSMMs extracts. In cells exposed to heat stress for 72 h, the protein level of HSP70 increased 2.7-fold at 39°C and 7.3-fold at 41°C compared with 37°C control (data not shown).
Heat exposure alters levels of MyHC isoforms in HSMMs and C2C12 cells
Since the function of skeletal muscle cells is highly linked to their structure, it is possible that the structural change, i.e., increased myotube diameter as described above, is accompanied by some functional changes in skeletal muscle cells. To test this possibility, we examined possible changes in MyHC isoforms in cells exposed to heat stress. Figure 3 , A and B, shows representative immunostaining of HSMMs. The MyHC was targeted by either a primary antibody specific for MyHC I (NOQ7.5.4D) or an antibody specific for MyHC II (MY-32) (Fig. 3A) . MY-32 recognized all MyHC II isoforms. These experiments indicated that HSMMs expressed both MyHC I and II. After exposure to heat stress for 72 h, HSMM myotubes expressing MyHC I at 39°C were larger in size compared with myotubes that were not heat-stressed. In contrast, HSMM myotubes expressing MyHC II at 39°C were of the same size compared with myotubes exposed to 37°C. The myotubes incubated at 41°C showed weak staining for both MyHC I and II.
In adult humans, there are three major MyHC isoforms (MyHC I and two subtypes of MyHC II, IIa and IIx) (12).
Expression of MyHC I and II isoforms in HSMMs was confirmed by Western blot analysis and RT-PCR. We used ␤-actin as an internal control. There were no significant changes in the protein and mRNA levels of ␤-actin after heat stress in HSMMs (data not shown). To examine the protein levels of MyHC isoforms in HSMMs, we used MyHC I (NOQ7.5.4D), II (MY-32), and IIa (A4.74) (22) antibodies. As shown in Fig.  3 , B and C, in HSMMs exposed to heat stress at 39°C, the protein levels of MyHC I increased after 72 h of incubation (1.6-fold, P Ͻ 0.01), whereas MyHC I protein levels were unaffected by heat stress at 41°C, compared with the control culture at 37°C. MyHC II antibody recognized both MyHC II isoforms. The total protein level of MyHC II did not change at 39°C after heat exposure but decreased at 41°C after 72 h (P Ͻ 0.05) compared with the 37°C control. In contrast, in cells exposed to heat stress at 39°C for 48 and 72 h, 1.8-fold (P Ͻ 0.05) and 2.1-fold increases (P Ͻ 0.05), respectively, were found in the levels of MyHC IIa protein compared with the 37°C control. Those results implied that MyHC IIx expression decreased after exposure to heat stress at 39°C. We also Fig. 4 . Changes of MyHC isoform expression after heat stress treatment of C2C12 cells. A: after exposure of C2C12 cells to heat stress for 24, 48, and 72 h, cells were harvested and subjected to Western blot analysis with an antibody against MyHC type I. MyHC type I expression was normalized to ␤-actin. Data show intensities relative to control (37°C). Data are means Ϯ SD from 3 independent cell cultures. B: after exposure of C2C12 cells to heat stress for 72 h, C2C12 cells were harvested. Total RNA was extracted and reverse transcribed. cDNA levels of MyHC isoform mRNAs in C2C12 cells were determined by RT-PCR and normalized to ␤-actin cDNA levels. Data show intensities relative to intensities of control (37°C). Data are means Ϯ SD from 3 independent cell cultures. *P Ͻ 0.05; **P Ͻ 0.01 compared with control (37°C). examined corresponding changes in the mRNA levels of MyHC isoforms in HSMMs. As shown in Fig. 3D , in HSMMs exposed to heat stress at 39°C for 72 h, the mRNA levels of MyHC I increased 2.3-fold compared with cells that were not heat-stressed (P Ͻ 0.05), whereas the mRNA levels of MyHC IIa tended to increase when cells were exposed to 39°C (P ϭ 0.23). In contrast, the mRNA levels of MyHC IIx in cells exposed to 41°C decreased 47% compared with cells that were not heat-stressed (P Ͻ 0.05). These data indicated that incubation of cells at 39°C induced differentiation, leading to a fast-to-slow fiber-type shift in HSMMs.
In small mammals, there are four major MyHC isoforms in skeletal muscle fibers: MyHC I and three subtypes of MyHC II, IIa, IIx, and IIb (39) . Expression of MyHC I and II isoforms in C2C12 cells was confirmed by Western blot analysis and RT-PCR. We used ␤-actin as an internal control. There were no significant changes in the protein and mRNA levels of ␤-actin after heat stress in C2C12 cells (data not shown). To examine the protein expression of MyHC I in C2C12 cells, we used an antibody targeted against MyHC I (NOQ7.5.4D). In cells exposed to 39°C, the protein level of MyHC I increased after 24 (4.8-fold, P Ͻ 0.05) and 72 h (2.4-fold, P Ͻ 0.05) of incubation compared with cells that were not heat-stressed (Fig. 4A) . We examined changes in expression of MyHC I and II isoforms in C2C12 cells by using RT-PCR. As shown in Fig. 4B , in C2C12 cells exposed to heat stress at 39°C for 72 h, the mRNA levels of MyHC I increased 2.0-fold compared with cells that were not heat-stressed (P Ͻ 0.05), whereas the mRNA levels of MyHC IIx in cells exposed to 39°C decreased 45% compared with cells that were not heat-stressed (P Ͻ 0.05). These data indicated that incubation of cells at 39°C induced differentiation, leading to a fast-to-slow fiber-type shift in C2C12 cells.
Heat Exposure Alters Levels of MRFs in HSMMs and C2C12 Cells
MRFs, which include MyoD and myogenin, are expressed in skeletal muscle, with each MRF playing a crucial role in muscle cell specification and differentiation (44) . MyoD mRNA was shown to be most prevalent in fast glycolytic muscles, whereas myogenin mRNA was shown to be most prevalent in slow oxidative muscles (15) . To test the possible involvement of MRFs in the myotube enlargement and the fiber-type shift in heat-stressed cells, we next addressed the protein levels of MyoD and myogenin in both types of cells after a 72-h exposure to heat stress. The level of myogenin was enhanced in the 39°C culture (P Ͻ 0.05) relative to that at 37°C, but no significant change in the levels of MyoD was detected after heat stress in HSMMs (Fig. 5A) . We further tested whether there were any changes in the levels of MyoD and myogenin in C2C12 cells after heat stress. In cells exposed to heat stress for 72 h, the protein levels of MyoD decreased at 39 (P Ͻ 0.05) and 41°C (P Ͻ 0.01), whereas the protein levels of myogenin increased at 39°C (P Ͻ 0.01), compared with cells that were not exposed to heat stress (Fig. 5B) . Figure 5C shows representative immunostaining for myogenin in C2C12 cells. Large myotubes at 39°C contained more myogeninpositive nuclei than did myotubes at 37°C. These data suggested that incubation of cells at 39°C induced myogenin expression, which enhanced myoblast fusion.
Heat Exposure Alters PGC-1␣ Protein Expression in HSMMs and C2C12 Cells
PGC-1␣ is one of the factors regulating muscle fiber-type determination (21) . To determine any changes in expression of PGC-1␣ after exposure of cells to heat stress, we examined the protein level of PGC-1␣ in C2C12 cells after heat stress. In cells exposed to 39°C, the protein level of PGC-1␣ increased after 48 (P Ͻ 0.05) and 72 h (P Ͻ 0.01) of incubation compared with cells that were not heat-stressed (Fig. 6A) . When we examined the protein level of PGC-1␣ in HSMMs by Western blot analysis, it could not be detected at any point in time (24, 48 , and 72 h). Thus we determined PGC-1␣ expression in HSMMs by RT-PCR. After heat stress for 24 h, the mRNA level of PGC-1␣ was enhanced in the 39°C culture (P Ͻ 0.05) relative to that at 37°C, but no significant change in the mRNA levels of PGC-1␣ was detected after heat stress for 48 and 72 h in HSMMs (Fig. 6B) .
Several studies have shown that MAPKs are involved in the determination of muscle fiber type phenotypes (27, 31) . It is possible that heat stress affected the phosphorylation of ERK1/2 or p38 MAPK. ERK1/2 is activated by short-and long-term low-frequency electrical stimulation, which involved fast-to-slow fiber-type conversion (2, 31). Thus we next measured the phosphorylation states of ERK1/2 and p38 MAPK in HSMMs and C2C12 cells after heat stress for 1, 24, and 48 h. The relative amounts of phosphorylated forms of both ERK1/2 and p38 MAPK did not change at any point in time in either type of cells (data not shown).
DISCUSSION
We defined incubation at 39°C as continuous mild heat stress (CMHS) and 41°C as continuous severe heat stress (CSHS). Our analysis revealed that CMHS enhanced myotube diameter of primary human skeletal muscle culture cells, HSMMs, and C2C12 cells. In contrast, during CSHS, myotubes were poorly formed. In HSMMs and C2C12 cells exposed to CMHS, the mRNA and protein levels of MyHC type I was increased compared with the control cultures. The mRNA level of MyHC IIx was unaltered in HSMMs and decreased in C2C12 cells compared with cells that were not exposed to heat stress. These results indicate that CMHS induced the differentiation of the cells, causing a fast-to-slow fiber-type shift in C2C12 cells and HSMMs. Our results also showed upregulated myogenin expression after CMHS. We next examined upstream signals that might be responsible for the fiber-type shift. CMHS enhanced mRNA and protein levels of PGC-1␣ in HSMMs and C2C12 cells.
The effects of heat stress on cellular function are pleiotropic. These include denaturation and disaggregation of proteins, cytoskeletal disruption, cell cycle inhibition, and changes in membrane permeability (20) . Heat stress induces HSP70, which plays a role in maintaining protein homeostasis, a fine balance among protein synthesis, protein degradation, and protein refolding (38, 51) . In addition, detection of HSPs is an indication of the formation of denatured protein and the presence of thermal damage (20) . In our study, the levels of HSP70 were upregulated with increased temperature after heat stress. Since myogenic differentiation was not inhibited during CMHS, the amount of protein denaturation may be low. In contrast, CSHS inhibited myotube formation. CSHS might increase the amount of denatured and aggregated proteins and disrupt protein homeostasis, which might in turn lead to intracellular dysfunction.
The fast-to-slow shift in MyHC isoform expression can be induced under several conditions. Strength training led to a shift in MyHC isoform composition from MyHC IIx to IIa in human triceps brachii (23) . Chronic low-frequency electrical stimulation (CLFS) increases the expression of MyHC I or IIa, whereas it decreases that of MyHC IIx or IIb in human and rat tibialis anterior (26, 47) . So far, changes of MyHC following heat stress have not been reported. Our study is the first to report that CMHS induced differentiation and a fast-to-slow fiber-type shift of myoblasts in two different species. These observations might be a general characteristic of mammalian myoblasts.
Several signaling pathways regulate skeletal muscle fibertype shift. Murgia et al. (31) suggested that the Ras-ERK pathway was required for reestablishment of the slow fiber program in a model simulating nerve impulse activity. p38 MAPK has been reported to control MyHC IIx promoter activity in myotubes (27) . Our study demonstrated that CMHS did not enhance the activity of either ERK1/2 or p38 MAPK. Another investigator suggested that the ERK1/2 pathway played an important role in the maintenance of fast-twitch fiber phenotype (41) . So far, the role of MAPK signaling cascades in modulating muscle fiber type remains unclear.
Transgenic expression of PGC-1␣ in fast-twitch glycolytic muscles promotes mitochondrial biogenesis and oxidative metabolism and transforms the type IIb muscle fibers into a more oxidative phenotype (21) . Therefore, PGC-1␣ might be the principal factor regulating muscle fiber-type determination. AMP-activated protein kinase (AMPK), calcineurin, CaMK, and p38 MAPK pathways have been implicated in the regulation of PGC-1␣ expression and activity (8) . Since the activation of p38 MAPK did not change, the expression of PGC-1␣ induced by CMHS in the present study might be attributable to other pathways. Calcium is thought to be involved in the upstream signaling of PGC-1␣ for several reasons. Calcium activates calcineurin and CaMK, which regulate the expression of PGC-1␣ (8, 48 (5, 28) . Recent evidence suggests that exposure of mammalian skeletal muscle to temperatures in the range of 40 -43°C for 30 min reduced the ability of the sarcoplasmic reticulum to accumulate Ca 2ϩ (46) . Accordingly, CMHS may induce changes in Ca 2ϩ homeostasis, which could lead to the fiber-type shift through the PGC-1␣ pathway in myoblasts.
In the present study, CMHS enhanced the level of expression of myogenin protein, whereas there was no increase in the level of MyoD. CMHS enhanced myoblast fusion and myotube diameter of C2C12 cells and HSMMs. Myogenin is required to initiate terminal differentiation and fusion (1, 25) . These results indicated that myogenin played a role in CMHS-enhanced myogenic differentiation. It has been reported that MyoD is prevalent in fast-twitch muscles and myogenin in slow-twitch muscles (15) . Several lines of evidence have implicated myogenin in the fast-to-slow fiber-type shift (7, 15, 26, 37, 47) . In cultured myotubes, a moderate increase in [Ca 2ϩ ] i induced a fast-to-slow fiber-type shift and enhanced the protein expression level of myogenin but not other myogenic factors (45) . In the fast-twitch muscle of hypothyroid rats, shifting to a slow direction by CLFS increased the expression of myogenin with unaltered MyoD levels (37). Hughes et al. (14) reported that the overexpression of myogenin in skeletal muscles of transgenic mice influenced the activity of metabolic enzymes, inducing a shift from glycolytic metabolism to oxidative metabolism. In their study, no change in fiber type-specific MyHC isoform expression was observed. Furthermore, Schluter and Fitts (40) reported that oxidative enzyme activity and MyHC type were independently regulated in rat skeletal muscle. Thus it appears that myogenin plays a role in metabolic adaptation to a fast-to-slow fiber-type shift, although no study has demonstrated the link between myogenin expression and mild changes in temperature.
The results of this study showed that CMHS increased the fusion index, myotube diameter, and fast-to-slow fiber-type shift, whereas CSHS did not promote myotube formation. The beneficial effect of low doses of a stressful agent, which is otherwise toxic at high doses, is known as hormesis (24) . Although local hyperthermia is used to promote blood flow and enhance healing after muscle injuries (19) , the mechanism by which this occurs has not been fully elucidated. During hyperthermia, temperature in skeletal muscle ranges from 36 to 44°C (4, 19) . On skeletal muscle injury, satellite cells are released and activated to become myoblasts, which eventually differentiate into myotubes and mature muscle fibers (13) . We observed the effects of temperature on the in vitro differentiation of myoblasts and have elucidated a possible mechanism of heat stress. We postulate that local hyperthermia increases muscle temperature and thereby promotes myogenic differentiation and fast-to-slow muscle fiber-type shift in vivo.
There is increasing evidence suggesting that mitochondrial dysfunction in skeletal muscle is involved in insulin resistance and type 2 diabetes (16). PGC-1␣ promotes mitochondrial biogenesis and slow fiber formation in skeletal muscle (21) . Two studies have reported that decreases in the amount of PGC-1␣ in skeletal muscle are associated with human type 2 diabetes and an increased risk of developing type 2 diabetes (29, 34) . Taking these findings together, PGC-1␣ appears to play a role in disorders such as insulin resistance and diabetes. Also, several lines of evidence demonstrate that both shortterm exercise and endurance training activate PGC-1␣ expression in skeletal muscle (8, 36) . Pilegaard et al. (36) reported that exercise induces a dramatic transient increase in PGC-1␣ transcription and mRNA content, peaking within 2 h after exercise in human skeletal muscle. Our observations of PGC-1␣ mRNA expression in HSMMs were similar to that reported by Pilegaard (36) . It is possible that a mild increase in temperature due to exercise causes PGC-1␣ expression. Further studies of CMHS should provide insight into prevention of diseases involving mitochondrial dysfunction and identify factors that induce PGC-1␣ following exercise.
